Abstract. Surface mine reclamation specialists have been searching for predictive methods to assess the capability of disturbed soils to support vegetation growth. We conducted a study to develop a vegetation productivity equation for reclaiming surface mines in Oliver County, North Dakota, thereby allowing investigators to quantitatively determine the plant growth potential of a reclaimed soil. The study examined the predictive modeling potential for both agronomic crops and woody plants, including: ). An equation was developed which is highly significant (p<0.0001), explaining 81.08% of the variance (coefficient of multiple determination=0.8108), with all regressors significant (p:,;0.048, Type II Sums of Squares). The measurement of seven soil parameters are required to predict soil vegetation productivity: percent slope, available water holding capacity, percent rock fragments, topographic position, electrical conductivity, pH, and percent organic matter. While the equation was developed from data on undisturbed soils, the equation's predictions were positively correlated (0.71424, p.s;0.0203) with a small data set (n=lO) from reclaimed soils.
Introduction
Reclamation research has led to the formative development of empirical prediction models to forecast the suitability of reconstructed soils (neo-sols) to support plant growth. This approach can aid in creating post-disturbance landscapes usable for agriculture, forested lands, transportation right-of-ways, naturalized vegetation associations, and urban vegetation applications. These equations may render the current time consuming and expensive reclamation (Doll and Wollenhaupt 1985) . This paper employs Oliver County, North Dakota as a case study to investigate some of these important landscape vegetation productivity research issues.
Investigators have pursued several different methodologies to generate vegetation productivity predictive models based upon soil characteristics (Burley 1995a ). Dunker, et al. (1992) present a recent overview and findings associated with numerous predictive efforts. One methodology primarily developed in the United States is a technique we call the "heuristic sufficiency approach" which builds pseudo empirical models to predict plant growth. The problem with this approach is that the variables in the equation may be redundant and the equation may be over specific. The major problem with the sufficiency approach is it is non-statistical. Another approach is the "reclaimed soil approach" which has been pursued quite intensively by some investigators, especially in Illinois and Kentucky. This approach is certainly empirical and statistical; however, to build a model with strong external validity will require the detailed assessment of plant growth across hundreds of reclaimed soils, an expensive and time consuming approach. In the long term this model building approach based upon reclaimed soils is probably the most scientifically sound in methodology; however, the data base to build such models will require substantial research expenditures and currently, no research team has built such an extensive data set. At best most researchers have built reclaimed soil models from several soil types for several crop types. In contrast, data gathered from all crop types grown on all soil types will be necessary to build strong externally valid models. Nevertheless, one federal agency, the Natural Resources Conservation Service, has been spending approximately I million dollars per county to construct extensive data sets from primarily un-mined landscapes, recording soil characteristics including the growth of numerous vegetation types across all of the soils in a specific county. These data sets could form the basis for building predictive models, a "soil survey approach." A review of the literature and formative ideas associated with Soil Conservation Service soil survey data modeling approach can be found in Burley (1992) . The methodological foundations for this approach were described by Burley and Thomsen (1987) . Currently, several soil survey based productivity equations have been generated for particular counties in the United States of America. For Clay County, Minnesota, Burley et al. (1989) describes an equation useful in reconstructing landscapes for agronomic crops, Burley and Thomsen (1990) describe an vegetation equation for both crops and woody plants, and Burley (1990) presents a sugar beet (Beta vulgaris L.) equation. Burley and Bauer (1993) have described two equations for Poll< County, Florida. Their first equation is applicable to woody plants and crops in upland landscape settings and the second equations is suitable for primarily lowland woody plants. The first two county equation was reported by Burley (1995b) where a vegetation model was developed for Clay County, Minnesota, and Cass County, North Dakota. In addition to generating equations, Burley (1994) presented the relationship of the equation approach to several state surface mining reclamation laws and regulations including the states of North Dakota, Wyoming, South Dakota, Minnesota, Michigan, and Indiana. Finally, Burley and Thomsen (1990) present an application of one equation to a mining site in Clay County, Minnesota. These studies form the essential literature associated with the soil survey predictive approach employed in this study.
Study Area and Methodology
Oliver County, a predominately agricultural landscape, resides in North Dakota's coal mining region.
In a description of Oliver County's physiography, Weiser (1975:116) states, "Oliver County is on the western border of the area in North Dakota where soils formed in glacial deposits, and on the eastern border of the area where soils formed in residuum weathered from bedrock." Weiser (1975:1) notes that, "ninety-two percent of Oliver County is farmed. Most farms are a combination of livestock, feed-grain and cash-grain enterprises, but there are a few large ranches and cash-grain farms." Weiser (1975: 1) also states, "The mining of lignite and the generating of electricity by coal-fired steam are of increasing importance to the economy." Weiser (1975:113) presents a complete classification of each soil type examined in the study. Primarily the soils examined in this investigation are mollisols such as the Williams series (fine-loamy, mixed, Typic Agriborolls) and Mandan series (coarsesilty, mixed, Pachic Haploborolls). A few entisols are also included such as the Cohagen series (loamy, mixed, calcareous, frigid, shallow, Typic Ustorthents) and the Trembles series (coarse-loamy, mixed, calcareous, frigid, Typic Ustifluvents). Most of the soils are neutral or slightly alkaline. A few soils are saline in character. These soils comprise the physical substrates studied by Weiser. In the Oliver County stndy, 102 soil descriptions and associated crop production data were utilized.
The methodological approach was identical to the procedures described by Burley and Thomsen (1987) and reviewed recently by Burley (1996) , where a soil depth weighting factor was applied to soil parameters (independent variables) and principal component analysis was applied to agronomic and woody plant productivity values (dependent variables) to search for covarying vegetation types. Both the dependent variables and independent variables selected for the study of Oliver County, North Dakota were derived from Weiser (1975) . Multiple regression procedures were then applied to search for regressors which can predict plant growth for a linear combination of vegetation types. Table 1 lists the soil parameters employed in this study. The soil factors are similar to the factors selected in the development of previous studies, with the exception that bulk density soil profile values were not available for this study. Table 2 describes the vegetation variables selected in the study, including silage corn.
The result of these procedures is the generation of equations which employ soil parameters to predict a productivity index.
The productivity index is a unitless number, indicating relative productivity. By using Burley and Thomsen 's (1987) method, reported vegetation productivity scores have typically ranged in scale from five to minus ten, where a score of five is a highly productive soil and a score of minus 10 is an unproductive soil.
An equation generated by this procedure was compared to a set of 10 reclaimed soils supplied by Dr. G. Halvorson from the Land Reclamation Research Center, North Dakota State University. The origin and description of this small data set is presented in Burley (1995) . The equation deyeloped in this Oliver County study was applied to the soil properties of the reclaimed soils and compared to actual yield values by computing the Pearson product-moment correlation. used to generate a predicted productivity score Results Table 3 illustrates the eigenvalues (latent roots) for the Oliver County dependent crop/woody ---------------------plant variables. The eigenvalue associated with the first 1 meter= 3.281 feet; 1 foot= 0.3048 meter 1 hectoliter = 2.837 U.S. bushels; 1 U.S. bushel= 0.363 hectoliter 1 hectare= 2.471 acres; 1 acre= 0.405 hectare 1 kilogram = 2.2046 pounds avoirdupois; 1 pound = 0.4536 kilogram 1 kilogram = 1.1 O x 10-3 ton, 1 ton = 907 kilograms 395 principal component axis contains 76.721 percent of the variance in the data set and is a primary candidate for further modeling analysis. The second and third principal component eigenvalues are greater than 1.0, suggesting that the second and third axes may also merit further modeling study. All other eigenvalues are smaller than one and thus are typically not considered for further analysis.
The first three Table 4 presents the eigenvectors for the first five principal components. The coefficients for the first eigenvector are all positive and range from 0.275 to 0.162, suggesting that the dependent variables covary together and relatively equitably. This first set can be considered an all crop/woody plant response axis.
The coefficients for the second eigenvector can be arranged in three groups: positive coefficients, negative coefficients, and coefficients near zero. This second component axis suggests the dependent variables may be divided into a crop group negatively associated with the axis, a Ponderosa Pine/Siberian Peashrub group unassociated with the axis, and a general woody plant group positively associated with the axis.
The coefficients for the third eigenvector can be divided into two broad general groups. The first group is a set containing one coefficient greater than 0.4 and the second group contains coefficients less than 0.4. The woody plant Cottonwood contains a coefficient greater than 0.4 and all other variables contain values smaller than 0.4, with most of the values ranging near the value zero. This third set could be characterized as a Cottonwood response axis. Since the eigenvalues associated with the remaining principal components are less then 1.0, interpretation of the remaining sets of eigenvectors for further analysis is considered unnecessary. The first three axes merit further investigation. Therefore, all equations for the second and third principal component axes were rejected as insignificant with low powers of predictability and often containing a high degree of collinearity among the independent variables, due to low C-plot scores. Only the first axis provided an equation with an acceptable level of predictability, yet not over specific.
Finally, the Pearson product-moment correlation between the predicted score and the yield results from reclaimed soils was 0.71424 (p,;0.0203). Indicating that there is a positive statistical relationship between the soil survey approach and vegetation productivity on reclaimed soils.
Discussion
The procedures reported by Burley and Thomsen (1987) and applied to Clay County, Minnesota, appear to be applicable to Oliver County, North Dakota. A highly specific equation was constructed, with a definitive overall highly significant regression (p<0.0001), and an R-squared value similar to past reported equations.
The multivariate analysis revealed that the woody plants and agronomic crops covary. In other words, the soil conditions suitable for spring wheat are similar to the soil requirements for Colorado spruce and for the mixtnre of grass and legume. In addition, silage corn, an agronomic variable not employed in past productivity equation investigation, also followed this covariance pattern. Very little theoretical work or ecological modeling has been conducted to explain and predict this covariance phenomenon. In many respects, this covariance phenomenon is contrary to results typically presented in vegetation ecology ordinations such as in Curtis (1959) . If the covariance phenomenon is corroborated by future investigations, this covariance may prove to be a powerful construct in reconstructing soil profiles across a wide variety of landscape conditions where high levels of vegetation growth are required for prime farmland, urban landscapes, transportation right-of-way, and erosion control situations. This covariance phenomenon may merit further investigation by agro-ecologists.
In addition to the covariance phenomenon, some reclamation specialists unfamiliar with these modeling techniques become concerned about the mixing of ,harvest values from botanical species, such as oat, with harvest values from aggregated plant associations such as grass and legume. However, there are no strict investigatory rules limiting concurrent examination of hierarchical vegetation categories as dependent variables. Instead, the multivariate analysis examines variables and presents evidence concerning their covariance. Covarying categories can be represented in the same response axis; while categories that do not covary might be represented in different response axes (recall that these axes are orthogonal and thus independent). This study and past studies suggest that hierarchical vegetation categories between herbaceous plant associations, agronomic crop species, and woody plant species covary. The vegetation productivity concordance between hierarchical types is an investigatory topic that has been relatively unexplored and may merit further inquiry.
In contrast to the covariance phenomenon, the multivariate analysis presented in this study also suggested that at least two other models may merit development; however, further investigations revealed that these models were weak in predictive ability. Presently, the sugarbeet model reported by Burley (1990) is the only equation derived from a second latent root. All other equations were derived from the first latent root (largest eigenvalue), corroborating the covariance phenomenon.
When applying regression analysis using the first eigenvector, the results of statistical analysis (Table 5) revealed Equation 1 (Figure 1) . Interpreting such an equation may be difficult. The equation contains a combination of linear main effect terms, squared terms and numerous interaction terms. The equation is relatively similar to other reported equations where steep slopes and a substantial portion of rock fragments reduce vegetation productivity; while increased available water holding capacity and abundant organic matter can increase vegetation productivity. Such findings are not new, but rather the results of the analysis allow the reclamation specialist to quantitatively assess these soil parameters.
Partitioning the linear combinations from the regression equation into each regressor effect or combination of effects, such as in Figure 2 can be useful to understand the contribution each soil parameter makes toward the assessment of vegetation productivity. Figure 2 is a graph which illustrates a negative relationship between vegetation productivity and % slope. Figure 3 illustrates a partition of an interaction term where there is a linear relationship between percent organic matter and vegetation productivity across a variety of electrical conductivity settings. As electrical conductivity increases, the slope of the linear expression changes from a negative inverse setting to a positive proportional condition. The interaction term suggests that when electrical conductivity settings are low, low organic matter soil conditions will result in larger vegetation productivity levels; when electrical conductivity values are increased, increased organic matter will result in improved vegetation productivity levels. Notice in Figure 3 that no single electrical conductivity treatment across all percent organic matter levels will result in consistently obtaining the highest vegetation productivity level. The four lines illustrate tbe interaction relationship. These partition and graphing techniques allow the investigator to more fully understand and interpret the linear contributions within the equation. Burley (1988) demonstrates a comprehensive examination of a vegetation productivity equation by partitioning and graphing the results.
Not all regressors demonstrate an inverse or proportional relationship. For example according to the equation, moderate to low hydraulic conductivity rates, middle topographic positions, and moderately high electrical conductivity levels also maximize vegetation productivity, suggesting tbat there is an optimum parabolic (curvilinear) relationship for these regressors. As with some empirical equation modeling investigations, tbe interaction terms can be difficult to interpret. In general, some of the interaction terms can be considered correction factors, indicating a more complex relationship and allowing the independent variables to more readily predict productivity. Figure 5 illustrates the depiction of a regressor that could be considered a correction of the term, allowing a better statistical fit. Note that slight slopes with middle topographic positions result in the largest vegetation productivity. Even though topographic position and percent slope are associated with interactions terms, the plot in Figure 5 demonstrates how a complex association of terms can result in a simple graphical expression of agricultural productivity where curves do not cross, suggesting a relatively intelligible interpretation of the equation.
In contrast to some counter intuitive segments of a large regression equation, some of these interaction terms found in the equation may intuitively make "common sense." For example, as organic matter increases, the water holding capacity and cation exchange capacity of some soils may increase, allowing electrical conductivity values to be greater without adversely affecting plant growth. Plants may be able to tolerate a greater level of salts/nutrients in the soil, provided water is present. In contrast, other interaction terms may be more difficult to explain, such as available water holding capacity times percent clay, where high levels for both variables are suggested as being disadvantageous for agronomic crops and woody plants. Although intuitively one might conclude that a wet clay soil may not be beneficial for crops and many woody plants, supporting investigatory evidence may not be as apparent. Consequently, some of the variables may be difficult to explain. Nevertheless, identification of these variables as significant regressors provides a pool of soil-plant relationships that may merit further study. There are still many multiple factor soil-plant investigations that have not been fully explored.
Some reclamation specialists may have reservations about the presentation of numerous interaction regressors identified in Equation 1 that may not seem intuitively meaningful. However, the methodological process originally presented by Burley and Thomsen (1987) is strictly an empirical procedure. The selection for study of any predictor for further analysis, whether a main-effect term (linear), a squared term (parabolic), a two-way interaction term, a fiveway interaction term (examples in Dunker et al. 1992 ), a ten-way interaction term (originally hypothesized by Doll and Wollenhaupt 1985) , an autoregressive term, or an exponential term, is in many respects a biased selection process, where the investigator makes an educated guess. The researcher must make a heuristic decision concerning which variables to test. Unless the investigator conducts a statistical analysis there is no reason to actually believe that a dependent variable and an independent variable are related in any mathematical manner. Thus, until a statistical examination is conducted, a main effect linear relationship is just as arbitrary as an obscure two-way interaction term. Through statistical analysis the terms are evaluated for internal validity. Acceptance or rejection of these terms may require an extensive number of investigations by numerous investigators over a substantial length of time. One reported investigation does not typically supply definitive answers, but may suggest directions for further research. Therefore, the large number of unusual interaction terms and regressors expressed in an equation should not be readily accepted or rejected.
While the internal validity of the regressors presented in Equation 1 are statistically supported, the equation presented in this paper and in others has an external validity shortcoming. The major external validity issue concerning the applicability of these models is that the equations are built from soil profiles and vegetation productivity values in a pre-mining condition. With the exception of this paper and the dissertation work prepared by Burley (1995a) , no reclamation research specialist has reported the development of a soil survey model employing postmining soil profiles and associated vegetation productivity scores.
Closing Remarks
Formative concepts concerning the development of vegetation productivity equations for assessing the plant growth potential of post-mining soil profiles has led to the generation of inferential/empirical vegetation productivity equations. While much work remains ahead for reclamation research specialists to validate the models, develop theoretical constructs to explain the models, and expand the body of knowledge associated with soil-plant interactions, this paper illustrates that vegetation productivity models for North Dakota are possible. In reclamation planning and design, specialists can employ the equation to study and predict the vegetation productivity of various landscape configuration possibilities and to obtain an indicator of reclamation success.
